We constructed insertion mutants of herpes simplex virus type 1 that contained a duplication of DNA sequences from the BamHI-L fragment (map units 0.706 to 0.744), which is located in the unique region of the L component (UL) of the herpes simplex virus type 1 genome. The second copy of the BamHI-L sequence was inserted in inverted orientation into the viral thymidine kinase gene (map units 0.30 to 0.32), also located Within UL. A significant fraction of the progeny produced by these insertion mutants had genomes with rearranged DNA sequences, presumably resulting from intramolecular or intermolecular recombination between the BamHI-L sequences at the two different genomic locations. The rearranged genomes either had an inversion of the DNA sequence flanked by the duplication or were recombinant molecules in which different regions of the genome had been dfplicated and deleted. Genomic rearrangements similar to those described here have been reported previously but only for herpes simplex virus insertion mutants containing an extra copy of the repetitive a sequence. Such rearrangements have not been reported for insertion mutants that contain duplications of herpes simplex virus DNA sequences from largely unique regions of the genome. The implications of these results are discussed.
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The genome of herpes simplex virus (HSV) is 96 x 106 daltons (Da) and is composed of two segments, long (UL) and short (Us), of unique DNA. These two segments are each flanked by inverted repeats, the ends of which are common to both segments and are repeated in direct orientation at the ends of the genome (4, 18, 20, 26, 28 ) (see Fig.  1 ). Recombination apparently occurs between these inverted repeats, resulting in the inversion of the unique segments flanked by the repeats. Because UL and Us can invert independently of each other, populations of HSV genomes usually contain equimolar quantities of the four possible isomers (5, 10, 29, 37) .
Previous studies showed that, when specific HSV type 1 (HSV-1) DNA sequences are duplicated by insertion of a second copy into the thymidine kinase (tk) gene of the virus, inversions of the DNA sequence flanked by the duplicated sequence can occur. These inversions could be detected in the genomes of progeny virus, provided that the inserted sequence and the sequence at the normal locus were in inverted orientation and that the inserted sequence contained the repetitive sequence designated a (17, 18, 20, 30) . Inversions could not be detected when inserted sequences were from unique regions of the genome (7, 14, 17) . We report here, however, that duplication of a sequence from the UL component can also result, at apparently high frequency, either in inversion of the DNA sequences flanked by inverted copies of the duplication or in other DNA rearrangements resulting from intermolecular recombination between an inserted BamHI-L sequence and the same sequence at the normal locus.
The studies described here were initiated for the purpose of characterizing a putative fISV-1 gene product that governs the process of HSV-induced cell fusion. Mutant HSV- The arrows indicate the directions of the two BamHI-L sequences with respect to each other in the insertion mutants. The restriction endonucleases used for cloning these HSV-1 sequences were BglII (Bg) and BamHI (Ba). To construct pTK133, the cloned BamHI-L sequence from HSV-1(MP) present in plasmid pTYL133 was recloned into the single BgII site of the tk gene in pRB103. The same procedure was used to construct pTK106, except that the BamHI-L fragment was from pTYL106, which contains the BamHI-L fragment from HSV-1(mP). Construction of recombinant viruses. Rabbit skin cells were cotransfected either with mixtures of HSV-1(MP) DNA and BamHI-digested pTK106 DNA or with mixtures of HSV-1(mP) DNA and BamHI-digested pTK133 DNA (8, 14, 36) . When the total cytopathic effect was observed, progeny virus were plated under agarose containing thymidine arabinoside (araT) at 100 ,Lg/ml (17) . A second plating under agarose with araT was done to purify the virus.
DNA preparation and analysis. Plasmid DNA was purified in cesium chloride gradients by equilibrium centrifugation (25) of cleared lysates (9) . HSV-1(MP) and HSV-1(mP) DNAs used for transfections or cloning were purified in Nal density gradients as described by Walboomers and ter Scheggt (35) and modified by Zezulak and Spear (38) . Recombinant viral DNAs used for Southern blotting experiments were obtained from Vero cells infected with recombinant virus that had been plaque purified twice. These viral DNAs were prepared by phenol extraction of the cytoplasmic fraction of infected cells lysed with Nonidet P-40 (38) . The DNAs were digested with restriction enzymes as specified by the manufacturer (New England BioLabs, Inc.), electrophoresed on agarose gels, and blotted to nitrocellulose (31) . Hybridizations were done at 65°C in 6x SSC (0.9 M NaCl and 0.09 M sodium citrate)-30% formamide-salmon sperm DNA (50 p.g/ml)-l x Denhardt solution (15)-sodium dodecyl sulfate 0.5% for 8 to 15 h. Nitrocellulose filters were washed three times in 2x SSC, one time in lx SSC, and finally in 0.4x SSC. Nick-translation kits (New England Nuclear Corp.) were used to make 32P-labeled DNA probes from undigested plasmids.
RESULTS
Selection and characterization of viruses with a duplication of the BamHI-L sequence. pTK133 and pTK106 were constructed by inserting the BamHI-L fragment of either HSV-1(MP) or HSV-1(mP) DNA into the single BgiII site of the cloned BamHI-Q fragment present in pRB103 (Fig. 1) . Insertions of DNA at this BgIII site result in a nonfunctional tk gene (14, 16, 24, 34) . After cotransfection of cells with HSV-1(mP) or HSV-1(MP) DNA and one of the plasmids shown in Fig. 1 , recombinant viruses containing the appropriate insertion in their tk genes were selected by their resistance to araT (17) . AraT-resistant isolates were plaque purified, and the DNA was extracted from cytoplasmic fractions of the infected cells. Most of the viral DNA in the cytoplasmic fractions was packaged in progeny virions.
DNAs from most of the araT-resistant plaque isolates we analyzed were shown by Southern blot analysis to contain the BamHI-L sequence inserted into the tk gene. The genomes of eight of the viruses analyzed (Fig. 2) were all missing the BamHI-Q fragment (2.2 x 106 Da); they contained instead a new fragment (5.7 x 106 Da) that hybridized with both the BamHI-L probe and the BamHI-Q or tk probe and was the size predicted for the new BamHI fragment generated by the insertion. All viruses (including the parent MP strain) had a band at 3.5 x 106 Da, which is the BamHI-L fragment at its normal location on the genome.
Two novel fragments were detected in BamHI digests of DNA from the insertion mutants. The amounts of these fragments relative to those predicted differed from mutant to mutant. The novel fragments, 5.2 x 106 and 4.0 x 106 Da, hybridized to both the BamHI-Q and BamHI-L probes. Their sizes were as predicted for fragments from genomes resulting from the recombinational events depicted in Fig. 3 . Genomes with an inversion of the DNA sequence between the duplicated BamHI-L sequences (product 5) could be generated by intramolecular recombination or by a doublecrossover intermolecular recombination event as shown.
Many of the defective products of intermolecular recombination (products 1 through 4) could theoretically be packaged into virions. These products were approximately genome length (since the two copies of the BamHI-L sequence in the insertion mutants were approximately equidistant from the ends of the genome), and they contained cleavage and packaging signals that have been shown to be present in the repetitive a sequence located at both ends of the genome and at the L-S junction (33; N. Frenkel, L. P. Deiss, and R. R. Spaete, Abstr. Herpesvirus 1984, no. 1357, p. 198).
To test the hypothesis that the anomalous fragments containing sequences that hybridized to both the BamHI-L and BamHI-Q fragments were from recombinant genomes (Fig. 3) , we digested DNA from the progeny of two insertion mutants with Sail. This enzyme does not cleave within the BamHI-L or BamHI-Q sequence and generates fragments in which sequences contiguous to the anomalous BamHI fragments can be identified. Figure 4 shows the two separate regions of the genome in which BamHI-L sequences were present in opposite orientations in the insertion mutants. Also shown is the change in contiguous DNA sequences that would result from recombination between the two BamHI-L sequences. The sizes of the Sall fragments characteristic of each BamHI-L locus in parental or recombinant form and the probes to which they would hybridize are also indicated. All four of the SalI fragments depicted in Fig. 4 were detected (Fig. 5) , providing evidence for the predicted recombinational events.
DNAs from the insertion mutants were also digested with EcoRI or HpaI. Both of these enzymes cut within the BamHI-L sequence so that no restriction fragments specific to the recombinant genomes would be generated. As predicted, these restriction digests showed no novel bands (data not shown).
DISCUSSION
Evidence has been presented that the normal inversion of the UL and Us components of wild-type HSV genomes is due to site-specific recombination between inverted copies of the reiterated a sequences and is mediated by viral gene products (3, 4, (17) (18) (19) (20) (21) 30) . The evidence for this site specificity was obtained by inserting fragments from either the unique or the reiterated regions of the genome into the tk gene of the HSV genome (17) . Insertions of DNA from the reiterated regions of the genome resulted in novel inversions between inverted copies of the reiterated sequences. In contrast, insertions of three different Sacl fragments from UL (map units 0.64 to 0.65) or Us (map units 0.910 to 0.925 or 0.925 to 0.935) did not result in any novel DNA rearrangements that could be detected in cytoplasmic packaged genomes.
Two other HSV DNA fragments from unique regions of the genome, in addition to the BamHI-L fragment, have been inserted into the tk gene of HSV. No evidence for DNA rearrangements was obtained when a SalI-to-BamHI fragment containing the gene for gC-1 (map units 0.62 to 0.64) was inserted in either orientation into the HSV-1(MP) genome (14) . In contrast, when the homologous HSV-2 sequence encoding gC-2 (map units 0.62 to 0.64) was inserted into the HSV-1(MP) genome in inverted orientation to the gC-1 gene, one of the two novel restriction fragments which would be predicted by inversion was detected in a BamHI digest of packaged viral DNA (K. M. Zezulak, Ph.D. thesis, University of Chicago, Chicago, Ill., 1983). Perhaps the second novel fragment was not detected because its size was very similar to that of a BamHI fragment from the parental viral DNA. Thus, it is possible that inverted duplication of the sequence encoding gC-2 as well as the BamHI-L sequence results in DNA rearrangements.
Several factors other than the actual frequency of recombination between the duplicated sequences could influence the ability to detect rearranged genomes, and these factors could help to explain the different consequences of inserting the BamHI-L sequence and other unique sequences. In all the experiments described here and elsewhere, the DNA that was analyzed was DNA packaged in virions. Thus, detection of recombination products can be limited by the requirements for packaging. These requirements include the presence of the a sequence on at least one end of the genome (33; N. Frenkel et al., Herpesvirus 1984) and an appropriate genome size. Although the range of permissible sizes is not known with certainty, mutants containing deletions or insertions that are greater than about 8% of the genome length have not yet been reported. The detection of recombination products may also depend in part on the ability of virions containing rearranged genomes to replicate. Defective rearranged genomes would not be amplified during successive rounds of replication except under conditions of high multiplicity of infection.
It seems unlikely, however, that packaging constraints alone can explain the different consequences of duplicating various sequences from unique regions of the genome. Intramolecular recombination between duplicated sequences in opposite orientations should always yield packageable genomes. Recombinant products that might have resulted from intermolecular recombination in this study (i.e., products 1 through 4, Fig. 3 size for packaging only because the tk gene and the normal genomic location of the BamHI-L sequence happen to be equidistant from the ends of the genome. This is probably also true for at least two of the other insertion mutants for which no evidence of genomic rearrangement was obtained. These insertion mutants include those described by Lee et al. (14) and Mocarski et al. (17) , which had sequences from map units 0.62 and 0.64 and 0.64 to 0.65, respectively, duplicated in the tk gene.
The possible defectiveness of rearranged genomes also does not fully explain the different consequences of duplicating BamHI-L sequences and other unique sequences. Smiley et al. (30) detected packaged molecules from which half of the genome had been deleted due to recombination between two copies of the a sequence in direct orientation in infections at relatively low multiplicity (1 PFU per cell). The deleted genomes were an appropriate size to be packaged as dimers.
It seems likely, therefore, that an unusually high rate of recombination between the duplicated BamHI-L sequences is at least partly responsible for the results reported here. It is possible that a site-specific mechanism is responsible for these rearrangements, because similar rearrangements have not been detected in HSV genomes with duplications of other unique sequences. This argument was used previously to propose the existence of a site-specific mechanism for recombination between a sequences (17) . If both of these genome regions contain signals for site-specific recombination, then presumably the signals are for different systems; or, if the same system is used, it does not promote recombination between the a and the BamHI-L sequences. Alternatively, the recombinational events we observed may require homology but not a specific nucleotide sequence, with the frequency of recombination between homologous sequences depending on factors not yet defined.
